A series of cobalt(II) amine-bis(phenolate) complexes has been prepared and characterized. The protonated tripodal tetradentate ligand precursors; dimethylaminoethylamino-N,N-bis(2-methylene-4-tert-butyl-6-methylphenol),
Synthesis and structure of mono-, bi-and trimetallic amine-bis(phenolate)
The use of chelating tetradentate amine-bis(phenolate) ligands has recently played an increasingly important role in transition-metal catalyst design and modelling of metalloenzyme active-sites. They have been predominantly used with high-valent early transitionmetals where they have been employed as alternative auxiliary ligands to cyclopentadienyl-based systems. In combination with group 4 metals they display high activities towards olefin or cyclic ester polymerization. 1-11 Also, group 3 and lanthanide metal complexes of these ligands have been effective as catalysts or initiators for ring-opening-polymerization of lactide and ecaprolactone.
12-22 By comparison, there has been limited use of amine-bis(phenolate) ligands with the mid-to-late first row transition-metals.
23- 33 Some iron III complexes of this class of ligand have been investigated as a result of their close relationship to phenol-containing ligands found in non-heme iron containing metalloenzymes.
34- 43 We have recently reported novel iron III compounds bearing amine-bis(phenolate) ligands, which effectively catalyze the cross-coupling of aromatic Grignard reagents with alkyl halides possessing b-hydrogens. 44 In terms of cobalt chemistry, a small number of bimetallic amine-bis(phenolate) complexes containing bridging phenolate groups have been structurally characterized and their magnetism investigated.
45-48
In addition to fundamental studies of their physical properties, cobalt coordination complexes also show interesting reactivity. For example, salen coordination compounds of Co II and Co III have been utilized as catalysts for coupling and copolymerization of carbon dioxide with epoxides, 49-54 and homopolymerization of epoxides.
55-57 Also, interesting stoichiometric oxidation chemistry using Co II salen complexes has been reported, 58 and Co II phthalocyanine compounds are known to mediate catalytic aerobic oxidation of a range of organic substrates. and the residue was extracted with toluene (30 mL). The mixture was filtered using a frit and the solvent was removed under vacuum. Washing the residue with pentane (20 mL) afforded 1 as an orange powder (yield: 1.79 g, 3.01 mmol,~79%). Crystals suitable for X-ray diffraction were obtained from a number of solvents by slow cooling.
Cooling of a methanol solution of 1 at -20 • NN¢] BuBuNMe2 (CH 3 OH), and three methanol solvent molecules of recrystallization. Cooling of a methanol solution of 1, prepared using dry methanol, at -20
• C also afforded pink crystals. In the asymmetric unit, there were two five-coordinate cobalt IImethanol adducts, [1(CH 3 OH)], along with three methanol solvent molecules of recrystallization. Storage of a concentrated acetone solution of 1 at -20
• C afforded dark pink crystals (yield:~45%). In the asymmetric unit, there were two five coordinate cobalt IIacetone adducts along with two acetone solvent molecules of recrystallization, [1(CH 3 COCH 3 )]. Pink crystals of a propylene oxide adduct, [1 (C 3 H 6 O)], were obtained by slow cooling of a concentrated propylene oxide solution of 1 at -35
• C (yield: 51%). In the asymmetric unit, there were two five-coordinate cobalt(II)-propylene oxide adducts and one propylene oxide solvent molecule.
Characterization of 1. Anal. Calcd for C 34 
Characterization of 1(CH 3 COCH 3 ).
Anal. Calcd for C 37 60 mmol) were added under N 2 to a Schlenk flask fitted with a condenser. A dry, degassed mixture of toluene (25 mL) and methanol (25 mL) was added to the mixture. The resulting mixture was stirred and heated to reflux under N 2 for 24 h to afford an orange solution and purple solid. The solvent was removed in vacuo and the residue was extracted with toluene (25 mL). The mixture was filtered to give a dark brown solution. The solvent was removed under vacuum and the resulting solid washed with pentane (20 mL) to afford a yellow-brown powder, 3 (yield: 1.32 g, 1.00 mmol,~53%). Orange-red crystals of 3 were grown by slow cooling of a toluene solution at -35
• C in a glove box. Crystals of 3(CH 3 OH) were grown by slow cooling of a saturated toluene-CH 3 OH solution at 6
• C.
Characterization of 3.
Anal. Calcd for C 40 (50 mL) and methanol (50 mL) was added to the mixture. The resulting suspension was stirred and heated to reflux under N 2 for 24 h to afford a pale pink solution and a pale purple solid. The solid was collected on a frit and dissolved in hot chloroform (25-50 mL) to give a purple solution. Room temperature methanol was added dropwise to the hot, saturated chloroform solution until evidence of precipitation was seen. A few drops of chloroform were added to the purple solution to ensure complete dissolution of the solid. Crystals were obtained by cooling these solutions to -20
• C. Pink to purple crystals were isolated in yields of 1.53 g (70%) for 4, 1.28 g (50%) for 5, and 1.14 g (40%) for 6. 
Crystal structure determination
Single crystals of suitable dimensions were used for data collection. Methods of crystal growth are outlined in the synthetic procedures above.
Crystallographic and structure refinement data are given in Table 1 . For 1, 3-6; crystals were mounted on a diffraction loop. Measurements were made on a Rigaku Saturn CCD area detector with Mo-Ka radiation. Data were collected and processed using CrystalClear (Rigaku). 67 For 1(CH 3 COCH 3 ), 1(CH 3 OH) [excluding alcoholic protons, H (109, 113, 117, 121, 125, 129, 133) , that were introduced in difference map positions], and 1(C 3 H 6 O) hydrogen atoms were introduced in calculated positions with isotropic thermal parameters set twenty percent greater than those of their bonding partners. For 5, H(61) and H (65) were introduced in their difference map positions and allowed to refine positionally, with fixed isotropic thermal parameters (1.2 times greater than their bonding partners at the time they were introduced) and all other hydrogen atoms were introduced in calculated positions with isotropic thermal parameters set twenty percent greater than those of their bonding partners. For 6, alcoholic protons [H (73, 77) ] were introduced in difference map positions while all other hydrogens were introduced in calculated positions with isotropic thermal parameters set twenty percent greater than those of their bonding partners. In all cases, hydrogen atoms were refined on the riding model. For 1(CH 3 COCH 3 ), 1(CH 3 OH), 1(C 3 H 6 O), 3(CH 3 OH), 5, 6 all non-hydrogen atoms 
were refined anisotropically, however, for 4 some were refined isotropically. For 1(CH 3 COCH 3 ), 1(C 3 H 6 O), 3(CH 3 OH), 4, 5, and 6 the structures were solved by direct methods, 68 and for 1(CH 3 OH) by a Patterson orientation/translation search. 69 The structures for 1(CH 3 COCH 3 ), 1(CH 3 OH), 1(C 3 H 6 O), 3(CH 3 OH), 4, 5, 6 were expanded using Fourier techniques. 70 For adducts of 1 and 3-6, the non-hydrogen atoms were refined anisotropically and hydrogen atoms were refined using the riding model.
For 1(CH 3 COCH 3 ), 1(CH 3 OH) and 1(C 3 H 6 O), two cobalt complexes are present in the asymmetric unit. For 1(CH 3 COCH 3 ), 1.5 acetone molecules are present as lattice solvent in the asymmetric unit with [C(75-77) and O (7)] at a half-occupancy and [C(78-80) and O(8)] at full-occupancy. For 1(CH 3 OH), the Z value was set to four in order to give the formula per monomer, [(C 34 H 54 O 2 N 2 )Co(CH 3 OH)] (CH 3 OH) 2.5 , and 2.5 methanol molecules as lattice solvent. For 1(C 3 H 6 O), the Z value was also set to four to give 0.25 propylene oxide (C 3 H 6 O) molecules as lattice solvent. Furthermore, for 1(C 3 H 6 O), there are two disordered moieties in the model. The first is a disordered t-butyl group consisting of [C(59-61) ] and [C(62-64) ], refined with PART commands, each part at 50% occupancy. The corresponding protons could not be located in difference map positions and were omitted from the model. The second area of disorder consists of [C(72) , H(100-102)] at 75% occupancy, and [C(75) , H(103-105)] at 25% occupancy in a propylene oxide molecule, also refined with PART commands. The other three protons on this propylene oxide could not be located in difference map positions, and were omitted from the model. However, these protons are included in the formula unit for the structure. A fourth solvent adduct of 1 was also crystallographically characterized and contains both a methanol and water adduct in the crystallographic unit cell. Crystallographic data (cif format) for compound 1(CH 3 OH-H 2 O) are available in the Electronic Supplementary Information. † For 3(CH 3 OH), the Platon 71 Squeeze procedure was applied to recover 154 electrons per unit cell in one void (total volume 624 Å 3 ); that is 154 electrons per formula unit (with Z = 1 in this model). Disordered solvent lattice toluene molecules were present prior to the application of Squeeze, however, a satisfactory point atom model could not be achieved. The application of Squeeze gave a good improvement in the data statistics and allowed for a full anisotropic refinement of the structure. For 4, protons were located in the difference map and initially refined positionally with a fixed thermal parameter. In the final round of least squares these protons were refined on a riding model with isotropic thermal parameters set twenty percent greater than those of their bonding partners. The model contains one partial occupancy water molecule as lattice solvent; its corresponding hydrogen atoms could not be located in the difference map and hence were omitted from the model, as were the OH protons of the methanol molecules. For 5, one full occupancy toluene molecule is also present as lattice solvent in the asymmetric unit. For 6, the asymmetric unit contains half the Co II 3 complex and so the Z value was set to two in order to give the formula per complex.
For compounds 1, 3-6, neutral atom scattering factors were taken from Cromer and Waber. 72 Anomalous dispersion effects were included in Fcalc;
73 the values for Df¢ and Df¢¢ were those of Creagh and McAuley. 74 The values for the mass attenuation coefficients are those of Creagh and Hubbell. 75 All calculations were performed using the CrystalStructure, 76,77 crystallographic software package except for refinement, which was performed using SHELXL-97.
68
For 2, single crystals were coated with Paratone-N oil, mounted using a polyimide MicroMount and frozen in the cold nitrogen stream of the goniometer. A hemisphere of data was collected on a Bruker AXS P4/SMART 1000 diffractometer using w and q scans with a scan width of 0.3
• and 20 s exposure times. The detector distance was 5 cm. The crystal was twinned and the orientation matrices for two components were determined (CELL_NOW).
78
The data were reduced (SAINT) 79 and corrected for absorption (TWINABS). 80 The structure was solved by direct methods and refined by full-matrix least squares on F 2 (SHELXTL) 81,82 on all data. Two of the t-amyl groups were disordered and the site occupancy determined using an isotropic model as 0.40 (40), and 0.37 (C(37¢)-C(40¢)) and fixed in subsequent refinement cycles. All non-hydrogen atoms were refined using anisotropic displacement parameters. Hydrogen atoms were included in calculated positions and refined using a riding model. Methyl and ethyl positions in the disordered side chains were superimposed and hydrogen atoms for the affected carbon atoms were omitted.
Results and discussion

Syntheses and structures of monometallic complexes
Reactions in a toluene-methanol mixture of approximately one equivalent of cobaltous acetate tetrahydrate with an equivalent of protio-ligand under basic conditions afforded dark purple mixtures. Upon removal of the solvent under vacuum and subsequent extraction of the products using toluene, yellow-brown powders, 1-3, Scheme 1, were isolated in good to moderate yields. These powders have a formulation of Co II Tables 2 to 4 . Each structure contains two Co II complexes in the asymmetric unit. A fourth complex of this class has also been structurally characterized and contains a 1 : 1 mixture of methanol and aquo solvent adducts. Bond lengths and angles for that version are similar to the methanol adduct and will not be discussed further. Crystallographic data for the mixed aquo and methanol adduct, 1(CH 3 83 The significant differences in t values between the two molecules of 1(CH 3 OH) are due to intermolecular hydrogen bonding between methanol solvent of crystallization and one molecule of 1(CH 3 OH). The protic nature of the coordinated methanol also leads to a degree of asymmetry in the Co-O phenolate bond distances in the two molecules of 1(CH 3 OH) in the structure. Each molecule contains a short Co-O bond (1.930(2) Å , 1.935(2) Å ) and a longer Co-O bond (1.972(2) Å , 1.982(2) Å ). In 1(CH 3 COCH 3 ) and 1(C 3 H 6 O), this variation in Co-O bond distances is not observed and bond of related Co II structures shows that these Co-O bond distances are typical, as the mean value for these is 1.945 Å (standard deviation of 0.031 Å ).
46,85-89 Furthermore, the tertiary amine N-Co bond distances are also similar to those previously reported (mean value of 2.144 Å , standard deviation of 0.053 Å ).
46,86,90-94
However, the cavity-like nature of these ligands, as has been observed with a range of metals, means that an additional ligand in the apical position can be varied with some degree of control by simply changing the solvent of recrystallization. Also, the bond distance between the Co II center and the apical donor appears to be related to the steric demands of this ligand, with the Co(1)-O(5) bond distance in 1(C 3 H 6 O) being the longest of the three and the shortest being in 1(CH 3 OH). Perhaps the most interesting of these three adducts is the propylene oxide complex, as Co III complexes are known to catalyse reactions of epoxides and carbon (7) 112.93 (17) C (15) (2) were grown from a toluene solution and contain four-coordinate Co II ions in a trigonal monopyramidal environment. The structure of 2 is shown in Fig. 5 with bond lengths and angles given in Table 5 . Only a small number of complexes containing Co II in this environment have been reported previously, 101-103 and these generally contain trianionic ligands resulting in a net negatively charged complex. Co I in such a coordination geometry is also known. 104 As far as we are aware, 2 is the first neutral coordination compound of Co II in a trigonal monopyramidal environment (where no counter cations or anions are required to balance the charge). It is noteworthy that the Co-O phenolate and Co-N amine bond distances in 2 are shorter than in the five coordinate complexes of 1 described above. Therefore, although [O 2 NN¢] AmAmNEt2 is more sterically demanding than [O 2 NN¢] BuBuNMe2 , the presence of additional small, Lewis bases in the coordination sphere of the Co has a significant effect on the electronics at the metal center and leads to a lengthening of the Co-O and Co-N bonds in solvento complexes of 1 compared to compound 2.
In addition to the cobalt complexes discussed above, a number of other trigonal monopyramidal coordination compounds have been reported during the past twenty years.
105-115 These complexes are generally described as being derived from a trigonal bipyramidal geometry but contain a vacant coordination site. They can also be described as containing significantly distorted tetrahedral environments, as they are closer to this common four-coordinate environment than square planar. In general, distortions from a perfect trigonal monopyramidal environment are reported as the distance at which the metal atom sits above or below the meridional plane containing three donor atoms. In 2, Co(1) sits below the plane of O(1), O(2) and N(2) towards N(1) by a distance of 0.172 Å . However, as far as we are aware no angular structural parameter has been developed to assess how ideal the trigonal monopyramidal environment is, unlike the known parameters for trigonal bipyramidal species: t, for coordination complexes 83 and the method developed by Holmes for pentacoordinate main group compounds. 116 We propose that Addison and Reedijk's t parameter can be extended to describe an ideal trigonal monopyramidal geometry but as the largest angles in such an environment should be close to 120
• and the smallest close to 90
• , the geometric parameter becomes t¢ = ({b + 90} -a)/60, where b = the largest angle obtained between a meridional donor, the metal and the apical donor, and a = the largest donor-metal-donor angle in the meridional plane. Thereby, t¢ assesses trigonality in the same fashion as t, and the calculation is the same as if a dummy atom has been placed in the vacant coordination site (apical position) above the metal atom to form a trigonal bipyramidal environment from the trigonal monopyramidal complex. Therefore, for a perfect trigonal monopyramidal environment t¢ = 1.0 and for a tetrahedral environment t¢ = 1.5. For 2, t¢ = 0. 97 AmAmPy } 2 as a crystalline material. Although the refinement of accurate metric parameters was not possible due to severe disorder of one t-amyl group, the structure and connectivity of 3 were confirmed by X-ray crystallography. It reveals that both cobalt centers are in distorted trigonal bipyramidal environments and one-phenolate donor from each ligand forms a bridge. A ball and stick representation of this structure is shown in Figure S1 in Electronic Supplementary Information. † This structure is very similar to previously prepared aminebis(phenolate) complexes of Co II .
45-48,86
However, the substituents on the aromatic rings in these compounds are generally less sterically demanding than those used in our study.
In the presence of methanol, dark red-purple crystals of 3(CH 3 OH) could be grown. The structure of 3(CH 3 OH) is shown in Fig. 6 with bond lengths and angles given in Table 6 . This complex contains two Co II centers bridged by methanol. The geometry of each Co II center is best described as distorted octahedral and contains Co-phenolate bond distances of 1.9013(15) and 1.9157(15) Å , which are moderately shorter than the terminal Cophenolate bond distances in the related methanol-free bimetallic III ions and the bridging ligands are in fact methoxides. The structural data were re-examined in attempt to locate the HO-protons of the methanol ligands. Electron density could be located in the difference map on the methanol oxygen atom, suggesting the bridging ligand is indeed methanol rather than methoxide. However, this alone is insufficient to unequivocally determine whether the bridging ligands are methanol or methoxide. Spectroscopic and magnetic data (see below) may provide some insight into the nature of 3(CH 3 OH).
Syntheses and structures of trimetallic complexes
In the presence of excess cobaltous acetate during the synthetic procedure and in the absence of base, trimetallic complexes 4-6 were isolated that contain two Co [O 2 NN¢] RR¢ fragments bridged with a Co(OAc) 2 (CH 3 OH) 4 unit (Scheme 2). The structures of 5 and 6 are shown in Fig. 7 and 8 , respectively. Bond lengths and angles for 4, 5 and 6 are given in Tables 7, 8 respectively. The bridging cobalt unit contains a Co II ion in a nearly perfect octahedral environment whereas the terminal cobalt amine-bis(phenolate) units possess distorted trigonal bipyramidal geometries, t = 0.62, 0.65 and 0.75 respectively for 4-6. The compounds are centrosymmetric and contain an inversion centre on Co (2) . No differences are observed between the three structures in terms of Co-O phenolate (1.9899(14)-2.004(2) Å ) and Co-N amine (2.148(3)-2.242(2) Å ) bond distances.
In comparison with the structures of 1(solvent), 2 and 3(CH 3 OH), the Co-O phenolate bond distances are slightly longer than the monometallic and bimetallic species whereas the Co-N amine distances are comparable with 1(solvent) and 2 but longer than 3(CH 3 OH). As far as we are aware these complexes are the first Co II phenolate derivatives containing unsupported acetate bridges. Previous examples of Co II trimetallic species contain either multiple acetate (or trifluoroacetate) bridges between the metal centres or have phenolate bridges in addition to the acetate bridges.
117-121
The bridging acetate O-Co bond distances in 4-6 
2.0732 ( (2) 113.12(6)
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UV-visible spectroscopy
The colour of the compounds provides some qualitative information. Compounds possessing five-coordinate Co ions (1(CH 3 OH), 1(CH 3 COCH 3 ), 1(C 3 H 6 O), 4, 5, and 6) are dark pink/purple. Four-coordinate 2 is dark green, the five-coordinate dimer 3 is yellow/orange, whereas six-coordinate 3(CH 3 OH) is dark red/purple. Electronic absorption spectra of complexes 1 to 6 show multiple intense bands in the UV and visible regions. The absorption maxima observed in the UV region (below 300 nm) are caused by p → p* transitions involving the phenolate unitsabsorptions in this region are also observed in the spectra of the unmetallated ligand precursors. 33 Intense bands are also observed in the region between 300 and 450 nm, which are assigned to charge transfer transitions from the p p orbital (HOMO) of the phenolate oxygen to the d orbitals of Co II . The broad charge transfer bands obscure the high-energy visible region where ligand field transitions would be expected, particularly in donor solvents such as methanol. For monomeric solvento complexes such as dark pink/purple 1(CH 3 COCH 3 ) in dichloromethane, the UV-vis spectrum (Fig. 9) shows weaker bands (e < 200 L mol -1 cm -1 ) between 550 and 700 nm, which can be assigned to d-d transitions.
47,48, 86 The trigonal bipyramidal coordination at Co in the solvento complexes of 1 lowers the symmetry compared to a pure octahedral system, thereby easing the Laporte selection rule. It is difficult to unequivocally assign the observed bands to specific electronic transitions since high spin Co II in a trigonal bipyramidal ligand field shows six spin-allowed electronic transitions starting from the 4 A 2 ¢(F) ground state. However, assuming trigonal bipyramidal geometry around the cobalt ions in 1(CH 3 OH) and 1(CH 3 COCH 3 ), the bands in the visible region at ca. 15300 and 18000 cm View Article Online and 4 A 2 ¢(F) → 4 E¢¢(P) transitions, respectively. 48,123 Bimetallic complexes 3 and 3(CH 3 OH) in methanol exhibit no distinct absorptions above 478 nm (20900 cm -1 ) and trimetallic complexes such as 5 (Fig. 10) show poorly resolved d-d bands above 500 nm. 
Magnetic properties
The magnetic moments for complexes 1 to 5, obtained either in solution (by Evans' NMR method) or as microcrystalline powder (by SQUID magnetometer), are given in Table 10 . Average magnetic moments in the solid state were adjusted for diamagnetic contributions using Pascal's constants and where variable temperature data are presented, the data were fitted in the temperature ranges specified.
The magnetic moments of the monometallic complexes were studied in solution by Evans' method and values are consistent with high spin Co II ions (S = 3/2) in low symmetry environments: 1(CH 3 
124
This value is larger than the spin-only magnetic moment value of 3.9 m B for S = 3/2, indicating significant orbital contributions from low energy excited states typical for high spin Co II .
125
The data can be fit over the whole temperature range studied (resulting in a g-value of 2.3) and q = -4.57 K. The magnetic behaviour of 3 expressed as c M and m eff versus T is shown in Fig. 11(a) . For the phenolate-bridged dimer 3, the magnetic moment at 300 K is 6.9 m B per mole of dimer (4.9 m B per Co), which is consistent with two Co II ions in the high-spin state (S = 3/2). The moment decreases as T decreases, but the rate of decrease becomes smaller as it approaches 50 K. Below 50 K, the moment decreases abruptly, reaching a minimum value of 6.3 m B per mole of dimer (4.5 m B per Co) at 10 K. Below this temperature the moment begins to rise and reaches a maximum of 6.5 m B (4.6 m B per Co) at 2 K. These variations in magnetic moment over temperature are in fact relatively small, and a plot of c M -1 versus T reveals a line consistent with Curie-Weiss behaviour as shown in Fig. 11(b also included) 47 are obtained. Complex 3 shows no maximum over the temperature range examined, thereby implying magnetically isolated Co II centers. However, exploring a similar model to that employed in the analogous complexes is warranted. In modelling complex 3 using the Hamiltonian for two S = 3/2 nuclei, the gfactor was fixed at 2.3 in agreement with the reported values. To account for the presence of paramagnetic impurity the expression was combined with the Curie law term, c para = C/T, according to c m = [1 -P]c dimer + Pc para , where P represents the fraction of paramagnetic S = 3/2 impurity. The presence of temperature independent paramagnetism (TIP) was also included in the model. The resulting best fit of the data yielded negligible values for J (< 0.2 cm -1 ) and P (< 0.01%). The model does, however, require a large TIP = 36.0 ¥ 10 -4 cm 3 mol -1 . The best fit between the calculated and experimental data are shown in Figure S3 in Co) . There is a steady decrease in the magnetic moment as temperature decreases, reaching a minimum of 0.84 m B per mole of dimer at 2 K. There are two possible interpretations of these data. One is that the data are consistent with two low-spin Co II ions (S = 1/2). The significant decrease in magnetic moment during this temperature range would suggest antiferromagnetic coupling between the two metal ions thus approaching an S = 0 ground state and/or the presence of zero field splitting. The data were therefore modeled using the Bleaney-Bowers equation, c BB = (N A g 2 b 2 /kT)(1 + 3e 2J/kT ) -1 , for magnetic exchange between two S = 1/2 metal ions. However, this model gave an unreasonably large coupling constant, J = -490 cm -1 and required a very large contribution from temperature independent paramagnetism, TIP = 21.0 ¥ 10 -4 cm 3 mol -1 . Furthermore, zero-field splitting (ZFS) was not included in this model, and ZFS is qualitatively similar to an antiferromagnetic interdimer interaction and typically large for Co ions. 127 The low room-temperature moment and strong temperature dependence may also be explained if the cobalt centers are intermediate spin Co III with a low lying S = 1 state. The higher oxidation state is consistent with the shorter bond lengths compared to monomeric Co II complexes described herein and elsewhere (see above). Intermediate spin Co III ions are rare but typically found in five-coordinate (trigonal bipyramidal and square pyramidal) geometries 128-131 whereas octahedral complexes are almost always low spin. However, given the structural and magnetochemical behavior exhibited by 3(CH 3 OH), the assignment of S = 1 spinstates to the Co ions in the dimer cannot be excluded.
A polycrystalline sample of trimetallic 4 exhibits a magnetic moment of 8.0 m B per molecule (4.7 m B per Co), which is within the expected range for high spin (S = 3/2) Co II ions exhibiting strong spin-orbit coupling.
125, 127 Cooling the sample causes a steadily more rapid decrease in moment reaching 6.5 m B per molecule at 4 K (Fig. 13) . The shape of this curve is typical of polynuclear Co II species, and is expected to include contributions from zero-field splitting of the Co II and weak antiferromagnetic exchange within the chain. The data obey the Curie-Weiss law throughout the temperature range studied, with g = 2.45 and q = -6.81 K ( Figure  S4 in Electronic Supplementary Information †). The magnetic data for 4 were modelled by the isotropic trimer model where S = 3/2.
132 The best fit obtained generated g = 2.28, an exceedingly weak antiferromagnetic exchange with J = -0.07 cm -1 and Weiss constant q = -4.65. The presence of TIP was included to improve the fit, where TIP = 21.0 ¥ 10 -4 cm 3 mol -1 . For simplicity, ZFS was excluded from the model. the experimental data for both 4 and 5. The Curie-Weiss model provided a superior fit to the m eff data at higher temperatures, whereas the isotropic linear trimer reproduces these data better at lower temperatures. Interpretation of magnetic susceptibility data from polynuclear, high-spin Co II species is complicated by the coexistence of weak superexchange (|J| < 20 cm -1 ), 125 strong zero-field splitting (ZFS, |D| > 20 cm -1 ), very large g-factor anisotropy 133 and that the parameters J and D are often of a similar magnitude. 134 The absence of a maximum in the susceptibility combined with strong spin-orbit coupling effects means a more elaborate treatment of the data is needed.
135
Electrochemical studies
Electrochemistry experiments were carried out using a threecompartment electrochemical cell, consisting of a platinum counter electrode, saturated calomel reference electrode (SCE) and a glassy carbon working electrode. Table 11 and representative cyclic voltammograms of 1(CH 3 OH) and 5 are shown in Fig. 15 NN¢] BuBuNMe2 are given in Figures S6 to S8 in the Electronic Supplementary Information. † All experiments were performed at a scan rate of 100 mV s -1 . No redox events were observed at negative potential for any of the compounds investigated, therefore only events occurring at positive potentials are discussed. Monometallic complexes 1 and 1(CH 3 OH) exhibit quasireversible oxidative responses (E 1 Ox ) at + 0.62 and + 0.60 V, respectively. These signals may be attributed to ligand oxidation (phenolate/phenoxyl radical), however, metal-centered oxidation assigned to a Co II /Co III redox process has also been suggested for related cobalt(II) amino-phenolate complexes showing oxidation waves at similar potentials.
136 Additional quasi-reversible oxidation waves (E 2 Ox ) are observed at +1.02 and +0.91 V for 1 and 1(CH 3 OH), respectively, which are proposed to be ligand-centred redox processes. To further investigate whether the observed redox behaviour at the E 1 Ox potentials is indeed ligand centered, cyclic voltammetry was conducted on the unmetallated protioligand, H 2 [O 2 NN¢] BuBuNMe2 . The ligand exhibits a quasireversible oxidation wave at +0.68 V and irreversible reaction estimated at +1.25 V. In light of the similar E 1 Ox potentials for both the complexes and the unmetallated ligand, it is most likely that these oxidation processes are indeed ligand-based.
The trimetallic complexes also exhibit two oxidation waves. 4 shows quasi-reversible responses at +0.85 and +1.43 V, whereas 5 shows quasi-reversible events at +0.71 and at +1.34 V. These redox events occur at significantly different potentials to those observed for the monometallic complexes and the unmetallated ligand. It is possible that metal-centered ( 45 however, for those examples where cyclic voltammetry studies were performed, both metal-and ligand-based redox processes were proposed.
Conclusion
In summary, we report the synthesis and structure of new diaminebis(phenolate) cobalt complexes, and their electronic, magnetic and electrochemical behaviour. Monomeric Co II complexes are obtained when the pendant neutral donor of the ligand is a tertiary amine. A four coordinate, trigonal monopyramidal complex is obtained if recrystallized in a hydrocarbon solvent. In the presence of donor solvents, trigonal bipyramidal complexes are obtained. All of the monomeric species possess high-spin cobalt centers. When the tetradentate ligand possesses a pyridyl pendant donor, dimeric cobalt complexes are obtained. A fivecoordinate phenolate-bridged dimer is obtained in the absence of a coordinating solvent. However, in the presence of methanol, this complex exhibits a dimeric structure with the Co centers bridged by two methanol/methoxide molecules. This contrasts with the monomeric solvento adducts formed with tertiary amine pendant-containing ligands. As for the monomers described, the phenolate-bridged dimer possesses magnetically dilute high-spin cobalt ions. The methanol-bridged dimer, on the other hand, is best described as either low-spin d 7 or intermediate-spin (S = 1) d 6 . Lastly, it was found that when the ratio of Co to ligand was greater than 1 : 1, trimetallic compounds were obtained. In these species, the two terminal cobalt ions are decorated by the diaminebis(phenolate) ligands. These metals are bridged to the central metal centre by acetate ligands. The octahedral coordination sphere of the central ion is completed by four methanol ligands. The Co II centers in these compounds are all high-spin and show only weak antiferromagnetic exchange when modelled as a linear isotropic trimer. The diversity of coordination complexes obtained when very subtle variations in the synthetic procedures are employed is a testament to the versatility and tunability of diamine-bis(phenolate) ligands.
